The annual cycle of surface-based inversions at nine Arctic weather stations is examined, based on a 2O-year set of daily 1200 UT significant level radiosonde data. All stations are at or near the coast. Inversions in winter months are primarily the result of strongly negative net radiation at the surface, whereas in summer, inversions more commonly result from near-surface cooling of warm air muses. Inversion frequency is at a maximum in winter (generally >70% of days) when inversions range from -400 to -850 m in thickness. Inversion thickness and strength (temperature change across the inversion) are strongly related to surface temperature. Inversions may involve temperature changes of >30"C in <l bn, with gradients of :>(j"C 100 m,l during periods of eX1rerne warm air advection aloft. Midwinter inversions commonly persist for 2-4 days, but may remain undisturbed for several weeks, affecting lower tropospheric chemistry.
INTRODUCTION
Temperature inversions based close to the surface are a characteristic feature of Arctic regions, particularly in the lowsun (or no-sun) period when the ground is snow-covered. Temperature changes within the lowest 2-3 km may exceed 3O"C on individual days in winter months. Extremely stable conditions may persist for weeks, essentially decoupling the surface from conditions in the lower troposphere only 1 km or so above. This has important implications for energy exchange across the boundary layer and for the dispersal of both local air pollutants and long-distance "arctic haze." An understanding of inversion climatology is also important for general circulation modeling of climatic changes resulting from greenhouse gas buildup in the atmosphere; all current models indicate that the maximum changes of temperature can be expected to occur in polar regions, especially in winter in the lower troposphere. This must involve changes in arctic inversion structure. Here we examine the annual cycle of surface-based inversions in the North American Arctic, based on a 20-year set of daily, significant level 1200 UT soundings.
DATA
Significant level radiosonde data were obtained for a set of . nine stations north of the Arctic Circle (Figure 1 ). Stations selected are listed in Table 1 . It should be noted that all stations are in coastal locations and at relatively low elevations. There are no high elevation, inland upper air stations in the region studied In winter months, the adjacent ocean is covered by seaice and the land is 100% snow-covered. The period used was 1967-1986 and the 1200 UT soundings were selected (representing the low-sun period in these longitudes). Soundings correspond to local apparent times of approximately 0100 in the western part of the study area (Kotzebue) to 0730 in the east (Alert). Data quality control procedures are described in the appendix. Overall, approximately 6% of records were discarded because of Copyright 1992 by the American Geophysical Union.
Paper number 921oo14S1. 0148-0227192192J0-014S1$OS.00 missing values or obvious errors. This ranged from a minimum of 3% of daily soundings at Alert, Mould Bay, and Inuvik to a maximum of 11 % at Resolute and Kotzebue.
TYPFS OF ARCTIC INvERsION
Low-level inversions may result from two basic conditions: (1) a radiative imbalance, in which surface energy emission exceeds that received directly from the Sun and/or from the atmosphere (this condition is common in the Arctic from late September to April when net radiation is negative (Table 2) and sometimes even on summer days, during that part of the day when the Sun is lowest in the sky), and (2) warm air advection over a cooler surface layer. Such conditions may occur at any time of year. During late spring and early summer months this may involve the formation of shallow inversions with only slightly cooler temperatures near the surface as melting snow and ice act as a heat sink. In winter, warm air aloft can create extremely stable conditions with temperature gradients in the lower troposphere of >+6"C 100 mol. However, warm air advection is uncommon at high latitudes in midwinter (see section 5, below).
. In both conditions, the inversion depth may be increased by subsidence and adiabatic heating of descending air in the overlying atmosphere. More commonly, however, subsiding air results in an elevated inversion layer above the surface, separated from a surface-based inversion by a layer in which temperatures decrease with elevation. Turbulence near the surface can destroy surface-based inversions, leading to elevated inversions separated from the ground by a shallow mixed layer. Thus the near-surface atmospheric structure is often complex, representing a combination of dynamical and radiative influences [cf. Busch et al.,1982J. 
PREVIOUS REsEARCH
In previous research on arctic inversions, the way in which the inversion layer is defmed often differs, making comparisons difficult. For example, in Bilello's comprehensive study of arctic inversions, "any layer having more than I"C increase in temperature per kilometer was considered to be an inversion layer" [Bilello, 1966, p near-isothermal layers were not included in his statistical analysis. By contrast, Maxwell [1982] recognizes two parts of low-level inversions; he defmes swface-based inversions as those in which the rate of temperature increase is >2"C 100 m-l. Above this layer, temperature gradients are commonly less. Isothermal layers are included in his defmition, but any decrease in temperature with altitude is recognized as the top of the inversion layer (J. B. Maxwell, personal communication, 1990) . More recently, Kahl [1990] and Serreze et al. [1992] defme inversions as layers in which temperature increases with altitude, but include thin embe4ded layers with negative lapse rates, providing they are not more than 100 m in depth.
In this study, the focus is on surlace-based inversions (SBIs). The base of the inversion layer is defmed by the station elevation, and the top of the inversion is the height of the last temperature measurement which exceeds, or is equal to, the preceding measurement. Isothermal layers at the base, atop, or embedded within an inversion layer were included, as shown schematically in Figure 2 . Isothermal layers without any adjacent inversion layer were not included. Such cases were generally very shallow «75 m at Alaskan stations, <30 m at Canadian stations) and occurred most commonly in summer months, though even in these months they never exceeded 2% of days per month. The occurrence of swface-based inversions, as so defmed, ranges from 50% (Kotzebue) to 66% (Eureka) of all available days during the period of record.
The only previous studies which deal explicitly with the region considered here are those of Bilello [1966] and Maxwell [1982] , but direct comparisons of their results are confounded by important differences in defmition of swface-based inversions (Bilello's ''Type In condition 
INvERsION FREQUENCY
At the higher-latitude stations, inversion frequency is closely related to net radiation which is in large part a function of solar declination. At Alert, for example, surface-based inversion frequency averages -80% during the no-sun period but declines markedly once the sun is above the horizon 24 hours per day (Figure 3 ). At this latitude the change from no-sun to continuous illumination occurs rapidly over a period of only 39 days (from early March to early April). During the fIrst month of continuous solar radiation receipts, SBI frequency declines from >80% to <20%. These changes reflect the effect of solar radiation receipts on surface heating, which reduces stability in the boundary layer. The main changes in inversion frequency at Alert occur during brief transition periods when net radiation changes from being negative at all hours of the (24-hour) day to being positive at all hours. In the spring, this takes place between Julian day (JD) 110 and JD 145; the reverse pattern occurs in the fall from JD 225 to JD 255. Inversion frequency is thus at a minimum during the period when daily totals of net radiation are positive (-May 6 to September 3). In addition, during summer months, the passage of fronts and episodes of strong advection with turbulent mixing often disrupt inversion layers; at this high latitude, such conditions are rare in winter, allowing inversions to persist undisturbed for longer periods.
A similar pattern is observed at Eureka, Mould Bay, Resolute, and Sachs Harbour, but at lower-latitude sites the transition is more gradual and, particularly in the fall, less related to solar declination (Figure 4 ). At these lower latitudes, the effect of oceanic heat storage may result in a more gradual change in inversion frequency from summer to early winter. Inversion frequency at Inuvik and the Alaskan stations, which are more affected by warm air advection from the south, rarely falls below 20%.
At many sites a secondary SBI frequency maximum occurs in mid-July followed by a drop in the late summer/early fall; this is especially apparent, for example, at Eureka (Figure 4 ). There is no corresponding increase in mean inversion depth, but the (positive) temperature gradients within the inversion layer do increase. The reasons for these changes are not clear, but they may be related to a continued increase in free-air temperatures while surface temperatures over melting snow and ice surfaces, and over coastal waters, remain at or near O°C. This was fIrst suggested by Sverdrup [1925 Sverdrup [ , 1933 based on a very small number of soundings from the Maud expedition to northeastern Siberia. He argued that in spring and fall, though temperatures remain below O°C, air is heated close to the snow surface, leading to turbulent mixing in the boundary layer. This would [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] 
15,704
BRADUn' ET AL.: CUMA TOLOGY 01' SURFArn-BASIlD INvPRsIONS result in a reduced frequency of surface-based inversions and an increase in elevated inversions; this appears to be the case, at least in the spring and early swnmer, according to Bilello's analysis of elevated (''Type 11") inversions. He found the highest frequency of elevated inversions at Barrow in May and June, corresponding to the time of minimum "Type I" (surfacebased inversions). The same pattern was found at Alert in June and July, and at Nome in July. However, the data do not clearly support the same explanation for late swnmer/fall decreases in SBI frequency, and further study of these changes is needed.
INvERsION DEPIH AND INrnNsITY
Surface-based inversion depth is sbOngly an inverse function of surface temperature (Table 3) ; inversion depth changes by -8 to 13 m ·C·l at the surface. Hence inversions have the greatest thickness in winter months, particularly February and March when they are also most frequent ( Figure 5 , Table 4 ). However, at several stations, the relationship between temperature and inversion depth is not strictly linear; this is particularly apparent at Barter Island and Point Barrow where inversion thickness is increasingly independent of temperature when temperatures approach or exceed O"C ( Figure 5 ). This points to the greater importance of radiative effects on controlling inversion characteristics in the colder winter months, and a greater influence of advective effects in summer. Mean monthly SBI thickness is greatest (886 m) at Mould Bay in February (on 83% of available days) with surface temperature averaging -34.8"C. In the same month, the southernmost station, Kotzebue (with a mean surface temperature of -20.7"C), has an average surface inversion depth of 474 m (on 79% of available days). From December to March, the top of the inversion layer is, on average, close to the 95O-mbar level at Kotzebue and 900 mbar at Mould Bay. During these months the surface-based inversion is a quasipermanent feature of the atmosphere, essentially isolating the surface from conditions aloft for most of the time. SBI thickness is lowest in summer months; mean monthly minima range from 165 m at Kotzebue (on 42% of days in August) to 371 m at Mould Bay (on 21 % of days in August).
Temperature changes across the inversion layer (referred to as "inversion strength" by Phillpot and Zillman [1970] and given as llT in Table 4 ) are highly correlated with inversion thickness, and inversely related to surface temperature (Figures 6 and 7) .
Thus inversions are strongest and deepest in winter months when surface temperatures are lowest The largest increase in temperature through the SBI is found at Eureka where, on those December-March days which have surface-based inversions (84% of days), temperatures at the top of the inversion (755-805 m) average 13.9"C higher than at the surface (Table 4) . At other stations the absolute differences across the inversion are generally less than at Eureka.. but temperature gradients within the inversion are fairly consistent across the region. These tend to be steep in winter months (-1.8 to 2.3"C 100 mol) and less stable (-0.8 to 1.6"C 100 m· l ) in the summer period (Table 4) . Temperature gradients are generally higher at the southernmost stations in all months, perhaps reflecting their proximity to milder air that is advected aloft. Hence although surface-based inversions at lower-latitude sites IlIl< shallower and less frequent than those farther north, those that do occur are extremely stable.
An examination of individual daily soundings indicates that the greatest depths of SBls observed d,uring the 20 years studied range from -2 kID at Kotzebue to -3 kID at Sachs Harbour (Table 5 ). In such cases, the temperature gradient is relatively weak (0.4 to 0.9"C 100 m,l). However, in extreme cases, llT may exceed 3S·C, with temperature gradients >6·C 100 m-l . These cases often involve very strong anomalous southerly airflow in midwinter. Occasionally, such conditions may lead to temperatures aloft exceeding O·C. For example, for several days in January 1977, temperatures aloft at Alert, Eureka, and Resolute all exceeded O·C, reaching +4.6·C at 1.2 km above Alert (82· 3O'N) on January 12 when surface temperatures were -1S·C.
WIND SPEED AND DlREcrION
To investigate the relationship between seasonal changes in airflow and inversion characteristics during the year, individual soundings were inspected for all available wind speed and direction measurements within the SBI. For each profile with an SBI, the mean wind speed and mean wind direction within the surface inversion layer were calculated. Mean daily wind speed was then computed (Figure 8 ). In the case of wind direction, daily means were classified into octants for each day in the 20-year sample (Figure 9 ).
Daily wind speeds within the inversion layer average 3-6 m s-l. Several stations register lowest wind speeds within the inversion layer during summer months, increasing by -20-25% in the midwinter. This may reflect both the thinner SBI in summer (and therefore greater frictional retardation on the smaller mass of air within the boundary layer) and a higher a 8 P BRADlJ!Y BT AL.: CUMA TOLOGY OF SURFACE-BASED INvBRsIONS a 8 P surface drag in swomer once snow cover has disappeared. Some stations (particularly Resolute) show highest average wind speeds in fall and early winter months when synoptic activity in the region is most active; in some cases mean winds in excess of 20 m s-l have been recorded without disruption of the inversion (e.g., at Point Barrow, January 7, 1970, winds within the inversion layer ranged from 10 to 33 m s-l). At several of the high-latitude stations, mean wind speeds within the SBI are often quite high in swomer, but this only reflects the fact that daily averages in swomer are based on fewer days than in winter when inversion frequency is much higher. For example, at Alert, on many swomer days the frequency of SBIs within the 20-year sample period drops to <10% (Figure 4) . Data on wind direction frequency ( Figure 9 ) reveal seasonal wind direction changes which seem to reflect (on the large scale) a shift toward more southerly and/or more onshore airflow in swnmer months at most stations, modified by local topographic effects in each case. The increase in onshore winds may result from removal of mowcover on adjacent land areas, producing a local sea-breeze effect. At Mould Bay, for example, the predominant winter airflow from the sector 315"-360" is replaced by more cases from 135"-225" which involves airflow along the fiord toward the wanner, snow-free interior of Ellef Ringnes Island to the north of the station. Similarly, at Resolute, the prevailing northwesterly winter airflow is matched by onshore southeasterly airflow from Lancaster Sound in swomer months. At Eureka, winds back to the sector 270"-315" in swomer, aligned with the adjacent Slidre Fiord and moving inland toward central Ellesmere Island. At northern Alaskan stations, as well as Inuvik and Sachs Harbour, winds more commonly have an easterly component, reflecting the east-west orientation of the coast at these sites. In swomer months, there is generally an increase in airflow from the southeast, though at Kotzebue, onshore (westerly) airflow predominates on days with SBls in the early swomer.
INvERsION PERsISTENCE
An assessment of the persistence of SBIs can be gained by examining the frequency of runs of days which recorded inversions. It should be noted that by only analyzing one sounding per day (1200 U1) any afternoon breakdown of the surface inversion would be missed, particularly during swnmer months. However, diwnal heating effects can be neglected in midwinter months and so the analysis has been restricted to the months of December-March. Runs starting before December 1 and those continuing after March 31 were not counted and neither were runs which were interrupted by a missing day. Assuming such runs are a representative subset of the days sampled, the results provide an interesting perspective on SBI persistence during winter months (Figure 10 ). The median midwinter inversion duration varies from 2 to 4 days (2 at Kotzebue, Point Barrow, Inuvik, Barter Island, and Resolute, 4 at the other sites). In Alaska, inversions generally tend to persist for less than 10 days but at the more northern Canadian sites, inversions may persist for several weeks (Figure 11 ). This has significance for lower tropospheric chemistry since prolonged isolation of the surface boundary layer from the rest of the troposphere can lead to extreme depletion of 03 levels [Barrie et aI., 1988] .
SUMMARY
Surface-based inversions in the North American Arctic result either from a radiative imbalance at the surface (negative net radiation) or from near-surface cooling of a wann air mass. Dming the dark, winter months the former condition prevails, but such inversions decline in frequency as solar radiation receipts increase in the spring and net radiation becomes positive, leading to a strong seasonal cycle in frequency, depth, and strength. Surface-based inversions are most common in winter months when they are also deepest and have the largest temperature difference between the surface and the top of the inversion. Surface-based inversion frequency reaches 88% of days at some stations in midwinter months, and mean monthly 1967-1986. to the temperature difference across the inversion layer; this may be >30"C on individual days, with very deep inversions. but is more commonly in the 7"-IS"C range in winter and 1"-S"C range in summer months. Inversions commonly persist for several days. but in some areas may be undisturbed for several weeks in midwinter.
APPENDIX

Data Sources
Significant level upper air data were obtained from the Atmospheric Environment Service. Downsview. Ontario (for Canadian stations), and the National Center for Atmospheric Research and the National Climatic Data Center. Asheville (for Alaskan stations). Standard level data are not sufficiently detailed to enable the surface-based inversions (which occur generally below the 9OO-mbar level) to be adequately studied. Only the fll'St 30 reported levels of the 1200 UT soundings were analyzed; these comprise data for at least the lowest 3 km and include all surface-based inversions in the study area. The period of record discussed here is January 1967 to December 1986 (20 years). At Kotzebue. however. no soundings were available from January 28. 1972, to January 2. I97S; thus statistics for Kotzebue are based on -17 years of data.
Data Quality and Quality Conlrol Procedures
Each raw data file was checked for missing altitudes. Where an altitude was missing at a given level. but the pressure and temperature at that level were not, and the pressure. temperature. and altitude at the previous level were all present, the missing altitude was reconstructed by use of the hydrostatic equation. This procedure. when checked against days where all data were present. proved to be accurate to within a few meters. In constructing graphs showing the annual cycle of inversion characteristics, soundings for February 29 in all leap years were discarded.
Soundings with the following criteria were considered to have inadequate or erroneous data and were rejected from further analysis: (1) base (surface) level missing. (2) temperature at base (surface) level missing, (3) missing temperature at some level within a surface-based inversion. (4) altitude at a level less than altitude of the previous level. and (S) rate of the temperature increase between any two consecutive levels within the surface-based inversion was greater than IO"C 100 m-1 • This condition may in fact be correct in some cases, but is clearly in error in others. To be consistent, this quality control was introduced. In general. it resulted in <1 % of soundings being rejected. As a check on the impact of this procedure, Barter Island (the station with the most cases of these apparently strong temperature gradients) was examined in more detail. In this case. 1.2% of records were rejected for this reason. Of these, about half had gradients in the IO"-I3"C 100 m-1 range and two cases were in excess of l00"C 100 m-1 ! Recomputation of the daily statistics with and without these cases produced insignificant differences.
Collectively, these quality control procedures resulted in rejection of records as follows (based on 20 year records at all stations except Kotzebue (17 years»: Alert. 3%; Eureka, 4%; Resolute. 10%; Mould Bay, 3%; Sachs Harbour, 4%; Inuvik, 3%; Barter Island, S%; Point Barrow, 7%; Kotzebue, 11 %. 120,-------------------------------------------------------------------------- --------------------------------------------------------------------- 
